In order to elucidate the genetic relationships and reproductive-isolation mechanisms among the Fejervarya limnocharis complex from Indonesia and other Asian countries, allozyme analyses and crossing experiments were carried out using 208 individuals from 21 localities in eight Asian countries. The allozyme analyses revealed that 17 enzymes examined were controlled by genes at 27 loci, and that 7.9 phenotypes were produced by 5.2 alleles on average. The two species recognized in F. limnocharis sensu lato from Southeast Asia (i.e., F. limnocharis sensu stricto and F. iskandari) were found to occur sympatrically at three localities (Bogor, Cianjur and Malingping), all on Java, Indonesia. Fejervaya iskandari was dominant at each of these localities and showed substantial geographic genetic variation. Laboratory-produced hybrids between F. limnocharis and F. iskandari from Java became underdeveloped and died at the tadpole stage, suggesting that these species are completely isolated by hybrid inviability. Hybrids between topotypic F. limnocharis and the Malaysian and Japanese conspecific populations developed normally to metamorphosis. Likewise, hybrids between topotypic F. iskandari and the Thailand and Bangladesh conspecific populations also showed normal viability throughout larval development. The present allozyme analyses and crossing experiments strongly suggested the presence of two distinct forms, the large type and the small type, in the F. limnocharis complex from Asia, and further subdivision of the large type into the F. limnocharis assemblage and the F. iskandari assemblage. The small type was found in samples from India, Thailand, Bangladesh and Sri Lanka, and included at least three different species. The sample from Pilok, Thailand, was considered to represent an undescribed species.
INTRODUCTION
Fejervarya limnocharis sensu lato, known as Rana limnocharis or Limnonectes limnocharis until recently (Dubois and Ohler, 2000) , is a common small-sized frog that occurs in and around lowland freshwater habitats including paddy fields. This species is often regarded as one of the most widely distributed frogs in Asia, from Pakistan to Japan through Indonesia and other Southeast Asian countries (Iskandar, 1998; Iskandar and Colijn, 2000; Dubois and Ohler, 2000) . A number of different names have been proposed for some populations once assigned to F.
limnocharis, but most of these names were immediately synonymized to F. limnocharis or were used for a long time but only as subspecific names for this species. This situation is partly due to the presence of more-or-less recognizable morphological variations of F. limnocharis sensu lato, and partly to the absence of diagnostic features to clearly discriminate certain local populations from other populations (Dubois, 1984 (Dubois, , 1987 Inger and Voris, 2001) .
Applications of analyses involving non-morphological characters have recently revealed that F. limnocharis sensu lato (henceforth referred to as the F. limnocharis complex) is a composite of many different species. For example, some populations from Nepal and India, formerly assigned to F. limnocharis, were shown to represent several different species chiefly on the basis of differences in their mating call patterns (Dubois, 1975; Dutta, 1997) . Moreover, Toda et al. (1997 Toda et al. ( , 1998a provided allozyme data that clearly indicated cryptic taxonomic diversity in the East Asian and Indonesian populations of F. limnocharis. Subsequently, Veith et al. (2001) described one of the cryptic species detected by Toda et al. (1998a) in Java as a new species, Fejervarya iskandari, using additional allozyme and mitochondrial DNA sequence data. Although F. iskandari is morphologically hardly distinguishable from syntopic populations of F. limnocharis sensu stricto, allozyme data reveal a complete absence of gene flow between the two species (Toda et al., 1998a; Veith et al., 2001) . This finding suggests that many more cryptic species may be detected in the F. limnocharis complex, if further comprehensive and systematic surveys are carried out for this broadly distributed species complex.
In the present study, we carried out allozyme analyses on samples of the F. limnocharis complex from eight Asian countries, including those from the type localities of F. limnocharis (Bogor, Java) and F. iskandari (Cianjur, Java), to elucidate the genetic relationships among the whole F. limnocharis complex from Asia. We also carried out crossing experiments for the available samples from five countries, including those from the type localities of F. limnocharis and F. iskandari, in order to obtain information regarding the mechanisms responsible for the complete reproductive isolation of the two species (see above) and other populations.
MATERIALS AND METHODS

Allozyme analyses
A total of 208 individuals of the F. limnocharis complex (92 male, 70 female and 46 immature frogs) from 21 localities in eight countries were used (Table 1 and Fig. 1 ). Samples of a congeneric and closely related species, Fejervarya cancrivora, were added to the analyses as an outgroup. Based on the snout-vent length (SVL), the specimens of the F. limnocharis complex from the eight countries could be classified into two groups, the large type and the small type (in Kruskal Wallis tests of the SVL, the significance level of P<0.01 for male X 2 =16.65 and female X 2 =10.1). The large type, recognized from 19 localities mainly in Southeast and East Asia, exhibited SVLs ranging from 35.0-55.0 mm (mean, 41.2±4.1 mm) for males and 37.0-56.3 mm (mean, 44.8±5.1 mm) for females. In contrast, the small type, recognized from four localities in South Asia and Pilok of Kanchanaburi, Thailand, had SVLs ranging from 27.0-31.9 mm (mean, 30.2±2.0 mm) for males and 30.8-43.4 mm (mean, 36.4±4.7mm) for females (Table 1) .
Seventeen enzymes extracted from skeletal muscles were ana- lyzed by horizontal starch gel electrophoresis following a procedure that was previously described in detail (Nishioka et al., 1980 (Nishioka et al., , 1992 . The enzymes analyzed are listed in Table 2 , together with the corresponding presumptive loci, enzyme commission numbers (E.C. Nos.), tissues and buffer system names. Each enzyme was detected using the agar-overlay method outlined by Harris and Hopkinson (1976) . Multiple alleles at each locus were designated alphabetically in the order of fast to slow anodal mobility. A locus was considered to be polymorphic when each of multiple alleles existed at a frequency of more than 1% at the locus. The genetic variability in each population was quantified by calculating the mean proportion of heterozygous loci per individual specimen (H), proportion of polymorphic loci per population (P) and mean number of alleles per locus (A) (Lewontin, 1974; Berg and Hamrich, 1997) . The syntopic species in one locality was detected based on a diagnostic allele according to Toda et al. (1998a) and Veith et al. (2001) . The genetic distance (D) and genetic identity (I), defined by Nei (1972) , were also calculated to evaluate the genetic relationships among populations. Estimates of F-statistics (Fis, Fst and Fit) for groups or multiple populations (Hartl and Clark, 1989) were carried out for each group. All parameters were analyzed using Popgene 1.31 software. The D-value matrices from pairwise comparisons of samples were transferred to PHYLIP 3.65 software in order to build a neighbor-joining (NJ) tree (Saitou and Nei, 1987) . Bootstrap (BT) values (Felsenstein, 1985) were also calculated with PHYLIP 3.65, based on the Nei's (1972) genetic distances with 1,000 replicates.
Crossing experiments
Crossing experiments were carried out by artificial insemination among 10 large-type populations from 5 countries (Kawamura et al., 1981) (Table 1) . A total of 36 and 19 combinations were carried out in the first and second experiments, respectively (Tables 7 and 8 ). Ovulation was induced by injecting bullfrog pituitaries into the body cavity of each female. The tadpoles were fed on boiled spinach.
RESULTS
Allozyme analyses
The electrophoretic patterns revealed that the enzymes examined were controlled by genes at 27 presumptive loci (Table 3) . Four of these loci (MPI, LDH-B, MDH-1 and ADA) had high numbers of phenotypes and alleles, while five loci (AAT-2, AAT-1, AK, FUM-2 and SOD-1) had low numbers. Among the 27 loci, there were 7.9 phenotypes and 5.2 alleles on average (Table 3) .
Analysis of the resultant allelic data for the 27 loci revealed that F. iskandari and F. limnocharis had diagnostic alleles at 11 loci (AAT-2, FUM-2, LDH-B, MDH-2, ME-2, MPI, PEP-A, PEP-C, PEP-D, 6PGD and PGM), and were present in each of three localities, namely the Bogor, Cianjur and Malingping populations. The allele frequency at each locus is shown in Table 4 . The geographic distributions of the PGM and LDH-B alleles among 26 populations of the F. limnocharis complex are shown in Fig. 2 . Among the 26 populations, the mean proportion of heterozygous loci per individual (H) was 7.7% (range, 0-16.7%), the mean proportion of polymorphic loci per population (P) was 21.5% (range, 0-63.0%) and the mean number of alleles per locus (A) was 1.23 (range, 1.00-2.00) ( Table 5) .
The Fst values calculated among the large-type populations of the F. limnocharis complex were 0.766 on average, ranging from 0.010 for the AK locus to 0.938 for the MDH-2 locus. The Fis values were low, being -0.090 on average, with a negative value for 18 polymorphic loci and a positive value for 6. The mean Fit value was 0.745. The Fst values among the small-type populations were 0.843 on average, ranging from 0.130 for the AAT-1 locus to 0.941 for the ME-1 locus. The Fis values were low, -0.085 on average, with a negative value for 10 polymorphic loci and a positive value for 3. The mean Fit value was 0.830.
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Tabel 6. Nei's (1972) genetic distance (below diagonal) and genetic identity (above diagonal) among 26 Asian populations of the Fejervarya limnocahris complex. See Table 1 for population abbreviations   Population  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25 (Fig. 3) . The large-type group was further divided into two subgroups, of which the first subgroup consisted of the F. iskandari populations from Indonesia, the Bangladesh population and the Taiwanese-Japanese populations, and the second subgroup consisted of the Thailand populations, the F. limnocharis populations and the Malaysian populations. The assemblage clades in these subgroups were not strongly supported, since the BT values were below 50%. The Thailand population showed a paraphyletic assemblage relationship with the Malaysia and F. limnocharis populations, and another population showed a monophyletic assemblage relationship. In the small-type group, the Thailand (Pilok) population first diverged from the remainder (BT, 94.2%), followed by the Indian population, leaving the Sri Lanka and Bangladesh populations monophyletic (BT, 97.3%) (Fig. 3) .
Crossing experiments
The developmental capacities of the hybrids among 10 populations from five countries and the controls are shown in Tables 7 and 8. In the first crossing experiments involving 36 control and hybrid mating combinations of the F. limnocharis complex, except for combinations using females from Thailand, the eggs cleaved normally with frequencies ranging from 43.8-98.5% (x -=81.1%), became normal tailbud embryos with frequencies ranging from 20.5-81.7% (x -=46.2%), hatched normally with frequencies ranging from 18.1-70.2% (x -=40.6%), became normally feeding tadpoles with frequencies ranging from 11.2-68.2% (x -=32.7%), became normal 30-day-old tadpoles with frequencies ranging from 0-54.5% (x -=16.6%) or underdeveloped with frequencies ranging from 0-55.6% (x -=10.6%), and finally metamorphosed normally with frequencies ranging from 0-49.6% (x -=16.3%). In the second crossing experiments involving 19 control and hybrid mating combinations of the F. limnocharis complex, the eggs cleaved normally with frequencies ranging from 34.6-99.2% (x -=89%), became normal tail-bud embryos with frequencies ranging from 27.6-96.8% (x -=69.8%), hatched normally with frequencies ranging from 5.3-93.7% (x -=61.8%), became normally feeding tadpoles with frequencies ranging from 3.5-92.9% (x -=49.5%), became normal 30-day-old tadpoles with frequencies ranging from 0-78.1% (x -=22.0%), and finally metamorphosed normally with frequencies ranging from 0-76.0% (x -=25.5%). Fig. 3 . Neighbor-joining tree among 26 Asian populations of the Fejervarya limnocharis complex based on genetic distances as defined by Nei (1972) . The value for each branch shows the bootstrap p-value (>50%) for 1,000 replicates. The scale bar represents branch length in terms of Nei's genetic distance. In the first crossing experiments using females from Thailand, the ova appeared to be of low quality, and the developmental capacities of the controls and hybrids were reduced. For the crossing experiments involving females from the Thailand population, the eggs cleaved normally with frequencies ranging from 9.1-77.2% (x -=42.7%), became normal tail-bud embryos with frequencies ranging from 9.1-49.1% (x -=29.6%), hatched normally with frequencies ranging from 9.1-49.1% (x -=29.3%), became normally feeding tadpoles with frequencies ranging from 9.1-47.4% (x -=27.6%), became normal 30-day-old tadpoles with frequencies ranging from 0-26.9% (x -=12%) or underdeveloped with frequencies ranging from 0-47.4% (x -=15.6%), and finally metamorphosed normally with frequencies ranging from 0.8-40.9% (x -=22.9%).
The survival curves of the controls and the hybrids between several Asian populations and topotypic F. limnocharis and F. iskandari are shown in Fig. 4 . The crossing experiments revealed that hybrids between male topotypic F. limnocharis and females from the Hiroshima, Malaysia and Okinawa populations became normal tadpoles with the capacity for metamorphosis at certain ratios. In contrast, almost all the hybrids between females from Thailand (first cross, Thonphaphum) and Bangladesh (first and second crosses) and males from topotypic F. limnocharis populations became underdeveloped (Fig. 5) and died before or just after metamorphosis. A small number of the hybrids between female F. iskandari and male F. limnocharis became normal tadpoles and underwent metamorphosis.
These normal tadpoles were found to be triploid (3n) in their chromosome number (Fig. 4A, B, Table 7 ). In the second crossing experiments using a female from Pathumthani of Thailand (a local sample different from that used for the first crossing experiments) and males from the Hiroshima, Bangladesh and topotypic F. iskandari populations, the hybrids were able to undergo metamorphosis (Table 8) .
The crossing experiments between females from the Hiroshima (first and second crosses), Okinawa and Kuala Lumpur (Malaysia) populations and male F. iskandari from Java revealed that all the 30-day-old tadpoles became underdeveloped (Fig. 6 ) and died before metamorphosis, except in the first crosses between a Hiroshima female and a male F. iskandari, in which some tadpoles developed normally and reached metamorphosis. Reciprocal crosses between female F. iskandari and males of the Hiroshima and Kuala Lumpur (Malaysia) populations also resulted in a large number of underdeveloped tadpoles and only a few normal tadpoles (Fig. 4C-E) . By checking the chromosome number, the normal hybrids were found to be triploid (3n), while the underdeveloped hybrids were diploid (2n) ( Table  7) . The normal hybrids obtained from the crosses between female F. iskandari and males from the Thailand and Bangladesh populations and the reciprocal crosses were able to reach metamorphosis.
DISCUSSION
The simple definition of a species is a group of interbreeding natural populations that are reproductively isolated from other such groups (Mayr, 1969) . Species are also viewed as genetic systems delimited by isolation mechanisms and genetically based traits that prevent gene exchange (Dobzhansky, 1937; Mayr, 1942) . Reproductive isolation is essential for morphological, ecological or genetic divergence between sympatric or allopatric groups (Turelli et al., 2001) . Genetic divergence results in reproductive isolation that reflects further accumulation of genetic differentiation at many loci over a long period of time (Ferguson, 2002; Marshall, 2003, 2004) . Wu and Hollocher (1998) argued that if large numbers of genes are responsible for reproductive isolation between taxa and there are gradual changes at all these loci over time, there should be a correlation between genetic divergence and the degree of reproductive isolation. Such correlations between reproductive isolation and genetic divergence have been demonstrated in Drosophila (Coyne and Orr, 1989) , the salamander Desmognathus ochrophaeus (Tilley et al., 1990) , the salamander Plethodon (Highton, 1989 (Highton, , 1990 and some anuran species (Sasa et al., 1998) .
Genetic divergence is measured by calculating the genetic distance that represents the degree of dissimilarity between the genetic compositions of taxa, and therefore appears to be an ideal systematic tool (Ayala, 1975; Bullini, 1983) . According to Thorpe (1982) , allopatric populations with genetic identities above 0.85 should be considered to be conspecific, while those with identities below 0.85 should be considered to be different species. Highton (1989) used Nei's distance of 0.15 to delimit species within the salamanders (Plethodon) of North America. Rafinski and Arntzen (1987) found that the genetic distances among Triturus species in the Palearctic region were 0.41-2.00. Nishioka and Sumida (1990) reported that the genetic distances between populations and species of 15 anuran species were 0.030-0.241 and 0.301-1.715, respectively. Skibinski et al. (1993) reported that the genetic distances among different vertebrate species were above 0.147. Beerli et al. (1994) showed that the genetic distances between the water frog Rana cerigensis and nine other species in Europe were 0.27-0.95. Sumida and Nishioka (1996) reported that the genetic distances among different populations of 55 amphibian species were 0.007-0.205. Veith et al. (2002) found that the mean genetic distance among populations of Rana temporaria from Germany was 0.121, while distances between R. temporaria and Rana pyrenaica, Rana iberica and Rana macrocnemis were 0.181-0.667. Zangari et al. (2006) found that the genetic distances between Discoglossus species in the Mediterranean area were 0.17-1.04. Sasa et al. (1998) found positive correlations between the degree of divergence (Nei's (1972) genetic distance) and the degree of postzygotic isolation in anurans, and a lower threshold of genetic distance (0.3) for the evolution of hybrid inviability. Marshall (2003, 2004) assumed that reproductive isolation is based on divergence across many loci scattered throughout the genome, and that allozyme loci diverge in an approximately clock-like manner, so as to correlate with, and serve as a signature for, the emergence of reproductive isolation. Thus, it may be roughly concluded that allopatric populations with genetic distances above 0.30 can be considered to be different species, and that this value can be considered to represent the threshold of genetic distance for the emergence of reproductive isolation such as hybrid inviability.
Previous studies on the genetic divergence of the F. limnocharis complex have been carried out by several research groups. Nishioka and Sumida (1990) reported that the mean genetic distance among seven populations in western Japan was 0.077. The Iriomote population was differentiated from the Hiroshima, Okinawa and Taiwan populations with a mean genetic distance of 0.320. Toda et al. (1997) further demonstrated that the mean genetic distance between the southern Ryukyu (including Iriomote Island) and East Asian populations was 0.59. These differences indicate that the absolute divergence values obtained from allozyme analyses are not always consistent with each other due to differences in the number of loci scored, interpretations of electromorphs observed in the genotypes, etc. Toda et al. (1998b) reported that F. limnocharis in Taiwan had diverged into two groups, the eastern and western groups, with genetic distances of 0.129-0.305. Based on allozyme data, Toda et al. (1998a) found a cryptic species from Java with a genetic distance of 0.458 from the syntopic F. limnocharis, and Veith et al. (2001) described it as a new species, F. iskandari, with a genetic distance of 0.316 from the syntopic F. limnocharis. Maeda and Matsui (1999) regarded the Sakishima Island populations of F. limnocharis, including the Ishigaki and Iriomote Islands in Japan, as a distinct species on the basis of morphological, acoustic and genetic differences. Several investigators have reported conspicuous morphological and genetic divergence of the Sakishima Island populations from other populations of this species (Kuramoto, 1979; Nishioka and Sumida, 1990; Sumida et al., 2002; Toda et al., 1997; Toda, 1999) . On the basis of morphological observations, allozyme data, molecular data and crossing experiments, Sumida et al. (2002) suggested that it is reasonable to regard the Sakishima Island populations as a subspecies of F. limnocharis.
In the present study based on allozyme data (genetic distances and NJ tree topology) and crossing experiments, the F. limnocharis complex from various localities was shown to have largely diverged into two groups, the smalltype and large-type groups. The mean genetic distance among the small-type populations was 0.833, while those between the small-type and large-type populations were 1.160-1.408 (Table 9 ). In the NJ tree, the small-type group formed one cluster with a BT value of 72.7%, and the mean Fst value among the small-type populations was 0.843. In fact, crossing experiments have already revealed that smalltype populations are reproductively isolated from large-type populations by complete hybrid inviability at the embryonic stage (Sumida et al., unpublished data) . This finding clearly indicates that populations belonging to the small-and largetype groups represent different species. Since the large-type group includes F. limnocharis sensu stricto and F. iskandari, the nomenclature of populations of the small-type group requires consideration. In the small-type group of the F. limnocharis complex, the Bangladesh (BAU(S)) population was more closely related to the Sri Lanka population than the Indian and Thailand populations. Specifically, the genetic distances were 0.181 between the Bangladesh (BAU(S)) and Sri Lanka populations, 0.588 between the Indian and Sri Lanka populations, 0.526 between the Indian and Bangladesh (BAU(S)) populations and 1.104-1.310 between the Thailand population and the populations of India, Sri Lanka and Bangladesh (Table 6 ). Based on mito- chondrial 16S rRNA gene sequence data, Sumida et al. (unpublished data) also found that the Bangladesh BAU(S), Sri Lanka and Fejervarya syhadrensis populations from India made one cluster in a NJ tree, and were distinctly diverged from the Indian and Thailand (Pilok) populations. These data possibly imply that our specimens from the Sri Lanka and Bangladesh (BAU(S)) populations belong to F. syhadrensis, and that the Indian and Thailand (Pilok) populations are a different species. The Thailand (Pilok) and Indian populations may possibly be a new species.
In the present study, we used F. limnocharis and F. iskandari from the type localities on Java, Indonesia. The mean genetic distance between these two species, 0.661 (range, 0.628-0.720), was the highest among the large-type group, whereas that among F. iskandari populations from Java was 0.024 (range, 0.012-0.032) and that among F. limnocharis populations from Java was 0.060 (range, 0.046-0.076) ( Table 9 ). Furthermore, the results of the crossing experiments between these species revealed that they are isolated by complete hybrid inviability at the tadpole stage (Fig. 7) . This result corroborates the conclusions of Toda et al. (1998a) and Veith et al. (2001) that these sympatric species, although very difficult to distinguish from each other morphologically, can be clearly distinguished by allozyme analyses. In the present study, F. iskandari and F. limnocharis had diagnostic alleles at 11 loci of 27 presumptive loci examined. Toda et al. (1998a) found diagnostic alleles at 10 of 25 loci examined, and Veith et al. (2001) found diagnostic alleles at six of 15 presumptive loci analyzed. We found both species in each of three populations from Java, although the percentage compositions of F. limnocharis were very low (range, 1.7-26.1%; mean, 15.9%). Moreover, the genetic variability of F. limnocharis was lower than that of F. iskandari (mean values, H=6.3, P=19.7 and A=1.24 for F. limnocharis and H=9.6, P=46.9 and A=1.64 for F. iskandari) .
Based on the present allozyme data, the large-type group could be divided into two subgroups. One subgroup consisted of the Bangladesh, F. iskandari and JapaneseTaiwanese populations, while the other subgroup consisted of the Thailand, Malaysia and F. limnocharis populations. These results were contradictory with those of the crossing experiments that showed no reproductive isolation as hybrid inviability among the Japanese-Taiwanese, Malaysia and F. limnocharis populations or among the F. iskandari, Thailand and Bangladesh populations. Based on mitochondrial 16S rRNA gene sequence data, Sumida et al. (unpublished data) found that the F. iskandari, Thailand and Bangladesh populations comprise one cluster that is diverged from another cluster consisting of the F. limnocharis, Malaysia and Japanese-Taiwanese populations. In addition, the allozyme NJ tree showed no confidence in either of the two large-type subgroups. Therefore, we designated one subgroup including F. iskandari and the Thailand and Bangladesh populations as the F. iskandari subgroup, and the other subgroup including F. limnocharis and the Malaysia and JapaneseTaiwanese populations as the F. limnocharis subgroup. The mean genetic distances were 0.271-0.373 among the F. iskandari subgroup and 0.430-0.480 among the F. limnocharis subgroup (Table 9) , and no reproductive-isolation mechanisms existed among each subgroup until the metamorphosis stage. If we apply the genetic distance criteria for allopatric populations defined by Thorpe (1982) , Highton (1989) and Skibinski et al. (1993) and the correlation between the genetic distance and reproductive isolation (Sasa, 1998; Marshall, 2003, 2004) , as already mentioned in the second paragraph of the Discussion, the F. limnocharis complex in the Thailand and Bangladesh populations may be regarded as a subspecies or another species of F. iskandari from the type locality of Java, and the F. limnocharis complex from the Malaysia and JapaneseTaiwanese populations may be regarded as a subspecies or another species of F. limnocharis from the type locality of Java, since the mean genetic distances among the F. limnocharis complex from these five countries ranged from 0.238 to 0.661 in the present study. This statement is supported by mean genetic distances of 0.144, 0.112 and 0.115 among the Malaysian populations, Japanese-Taiwanese populations and Thailand populations, respectively (Table  9) . Besides, the Fst values among subgroup F. iskandari and subgroup F. limnocharis were 0.604 and 0.818, respectively, and higher than those among F. iskandari from Java and F. limnocharis from the Java and Thailand populations (0.128, 0.356 and 0.419, respectively) . Further studies investigating the fertility or spermatogenesis of mature hybrids, detailed morphological characteristics and molecular divergences will be required to elucidate the exact taxonomic status of the F. limnocharis complex from each country in Asia.
